Abstract The storage of triacylglycerols (TAGs) is essential for non-replicating persistence relevant to survival and the regrowth of mycobacteria during their exit from non-replicating state stress conditions. However, the detailed structures of this lipid family in mycobacteria largely remain unexplored. In this contribution, we describe a multiple-stage linear ion-trap mass spectrometric approach with high resolution mass spectrometry toward direct structural analysis of the TAGs, including a novel lipid subclass previously defined as monomeromycolyl diacylglycerol (MMDAG) isolated from biofilm of Mycobacterium smegmatis, a rapidly growing, non-pathogenic mycobacterium that has been used as a tool for molecular analysis of mycobacteria. Our results demonstrate that the major isomer in each of the molecular species of TAGs and MMDAGs consists of the common structure in which Δ 9 18:1-and 16:0-fatty acyl substituents are exclusively located at sn-1 and sn-2, respectively. Several isomers were found for most of the molecular species, and thus hundreds of structures are present in this lipid family. More importantly, this study revealed the structures of MMDAG, a novel subclass of TAG that has not been previously reported by direct mass spectrometric approaches.
Introduction
Mycobacteria store triacylglycerols (TAGs) under various stress conditions, such as hypoxia, exposure to nitric oxide, and acidic environments [1, 2, 3] . These stress conditions are known to induce non-replicating persistence relevant to survival in mycobacteria and utilization of TAGs is essential for the re-growth of mycobacteria during their exit from nonreplicating state. This notion was recently supported with the evidence that diacylglycerol acyltransferases involved in TAG biosynthesis are upregulated in stationary-phase [4] . Accumulation of TAG was also observed in the cells at late stages of growth [5] . However, the importance of TAG accumulation and utilization during re-growth is not clearly understood.
TAGs occurs as components of the cell envelope [6] and TAGs that accumulate within M. tuberculosis are generated mainly by the incorporation of fatty acids released from host TAG [4] . They are the predominant class of lipids, in the wild-type strain of M. smegmatis grown on the glycerol-rich Sauton's medium, representing more than 50 % of the surface-exposed lipids [7] .
Previous investigations by Kremer et al. [8] described the presence of monomeromycolyl diacylglycerol (MMDAG), an unusual TAG subclass consisting of a novel meromycolate substituent and two fatty acyl moieties in mycobacteria. This minor lipid family was ubiquitously found in the TAG pool in all mycobacterial species, including pathogenic species and non-pathogenic M. smegmatis, emphasizing an important function in mycobacterial physiology, as it may play a potential role as a source of meromycolates during mycolic acid biosynthesis in growing cells.
Despite the many previous reports of TAGs in mycobacteria [2, [8] [9] [10] [11] , their detailed structures have never been reported and the identification of the structure of MMDAG achieved by Kremer et al. was only established upon NMR spectroscopy and GC-MS analysis of the fatty acid methyl ester derivatives of the alkaline deacylation product followed by esterification. The attempts to obtain the structural information of MMDAG by mass spectrometry, i.e., the molecular species of this lipid family have been unsuccessful [8] and thus, tandem mass spectrometric approaches leading to direct characterization of this unique lipid family have never been reported. Here, we applied linear ion-trap (LIT) multiple-stage (MS n ) and high resolution mass spectrometry [12, 13] toward complete characterization of TAG and MMDAG lipids isolated from biofilm of M. smegmatis.
Methods

Sample preparation
Biofilms of M. smegmatis strain mc 2 155 [14] obtained from ATCC were grown in polystyrene petri dishes at 30°C in modified Sauton's medium without Tween 80. Sauton's medium contained 0.5 g/L K 2 HPO 4 , 0.5 g/L MgSO 4 , 4.0 g/L Lasparagine, 0.05 g/L ferric ammonium citrate, 4.76 % glycerol, and 1.0 mg/L ZnSO 4 , to a final pH of 7.0. To obtain total lipids, cultures were harvested by centrifugation and resuspended in chloroform/methanol (2:1, v/v). Following extraction, total lipids were dried under N 2 gas and the apolar lipids were harvested as described [15] . The total lipids were resuspended in 5 mL of methanol: 0.3 % NaCl (10:1, v/v) and 2.5 mL petroleum ether. Samples were rocked for 30 min at room temperature. After centrifugation, the upper layer containing apolar lipids was retained and dried under N 2 gas. The crude lipids in 300 μL chloroform/methanol (2:1, v/v) were loaded to a 3 mL/200 mg Macherey-Nagel amino Chromabond Sep-Pak column (Duren, Germany). The column was first washed with 2 mL EtOAc/hexane (15:85, v/v), followed by 1.5 mL di-isopropyl ether/HOAc (98:2, v/v) (Fraction 2), and then eluted with 2 mL acetone/methanol (9:1.35, v/v) (Fraction 3) by gravity. The eluants containing MMDAG (fraction 2) and TAG (fraction 3) lipids were dried under a stream of nitrogen. The dried samples were re-dissolved in chloroform/methanol (1:2, v/v) containing 1 μM 7 LiOH or NH 4 OAc before ESI-MS analysis.
Mass spectrometry and LC-MS analysis
Both high-resolution (R=100,000 at m/z 400) and low-energy CAD tandem mass spectrometry experiments were conducted on a Thermo Scientific (San Jose, CA) LTQ Orbitrap Velos mass spectrometer (MS) with Xcalibur operating system. Apolar lipids in chloroform/methanol (1/2) containing 1 μM
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LiOH or NH 4 OAc were infused (1.5 μL/min) to the ESI source to give rise to abundant [M+ 7 Li] + or [M+NH 4 ] + ions. The skimmer of the ESI source was set at ground potential, the electrospray needle was set at 4.0 kV, and temperature of the heated capillary was 300°C. The automatic gain control of the ion trap was set to 5×10 4 , with a maximum injection time of 100 ms. Helium was used as the buffer and collision gas at a pressure of 1×10 −3 mbar (0.75 mTorr). The MS n experiments were carried out with an optimized relative collision energy ranging from 35-45 % and with an activation q value at 0.25, and the activation time at 10 ms to leave a minimal residual abundance of precursor ion (around 20 %). The mass selection window for the precursor ions was set at 1-Da wide to admit the monoisotopic ion to the iontrap for collision-induced dissociation for unit resolution detection in the ion-trap or high resolution accurate mass detection in the Orbitrap mass analyzer. The instrument was tuned and calibrated according to the instructions in the user's manual; and dimyristoylphosphatidylcholine (elemental composition: C 36 H 72 NO 8 Nomenclature TAG molecules including MMDAGs that differ only with respect to the fatty acyl groups at sn-1 and sn-3, such as (A/B/C)-TAG vs. (C/B/A)-TAG (where A, B, and C are distinct fatty acid residues) are enantiomers and cannot be distinguished by the present mass spectrometric approach. In this premise for assignment of the fatty acid substituents on the glycerol backbone as described in the text, only the fatty acid substituent assigned to sn-2 is specific, and the fatty acid substituents assigned to sn-1 and at sn-3 are exchangeable (i.e., (A/B/C)-TAG and (C/B/A)-TAG are not distinguishable). No effort was made to determine the chirality of TAGs in this study. Thus, 18:1/16:0/18:0-TAG, for example, signifies that oleoryl, palmitoyl, and stearoyl fatty acyl substituents are located at sn-1, sn-2, and sn-3 of the glycerol backbone, respectively. Similarly, monomeromycolyl-diacylglycerol (MMDAG) possessing oleoryl, palmitoyl, and meromycolylic 50:2-fatty acyl substituents at sn-1, sn-2, and sn-3, respectively, is designated as 18:1/16:0/m50:2-TAG.
Results and discussion
Apolar TAG and MMDAG lipids are readily separable by HPLC (Fig. S1 , Electronic Supplementary Material). The mass spectrum of the lipid fraction eluted at 18-23.5 min (panel b) contained an array of homologous [M+NH 4 ] + ions of TAGs with an intermittence of 28 Da, mainly in the m/z ranged from 750 to 1,000 Da (Fig. 1a) [12, 13] . The assignments of the fatty acid substituents on the glycerol backbone are based on the findings that the ions arising from losses of the outer fatty acid substituents (i.e., the fatty acids at sn-1 and sn-3) are more abundant than the ions arising from loss of the fatty acid loss at sn-2. As shown in and 319 (loss of 18:1-fatty acyl ketene) further confirms that the 18:1-fatty acid is indeed located at sn-1 (or sn-3) [12, 13] . The spectrum also contained ions at m/z 485, 429, 387, and 373, arising from β-cleavages with γ-H shift, indicating that the double bond of the 18:1-fatty acid substituent is located at C-9 [13, 16] (see Electronic Supplementary Material, Scheme-S1). This structural assignment is further confirmed by the MS (Table S3 , Electronic Supplementary Material).
By contrast, MS 2 on the corresponding [M+NH 4 ] + ions at m/z 962.9 ( Fig. 2d ) contained ions at m/z 689, 663 and 577, arising from losses of 16:0-, 18:1-, and 24:0-fatty acid substituents as ammonium salt, respectively. The ions at m/z 663 and at 577 are more abundant than the ion of m/z 689, consistent with the notion that the 16:0-FA substituent is located at sn-2, and the 18:1-, and 24:0-fatty acids are located at sn-1 and sn-3 (or vise versa), respectively, similar to that deduced from the [M+Li] + ions. The identity and the location of the fatty acids on the glycerol backbone were also recognized by the MS 3 spectrum of the ion of m/z 577 (962→577; Fig. 2e ), which possess ion pairs at m/z 265 (18:1-acylium ion), 247 (265 -H 2 O), that are respectively more abundant than the ion pairs at m/z 239 (16:0-acylium ion), 221 (239 -H 2 O), consistent with that 18:1-and 16:0-FA are located at sn-1 and sn-2, respectively [12, 13] .
Several isomeric structures were identified for most of the TAG species present in the biofilm (Table 1) (Fig. 3b, inset) . The MS 3 spectrum of the ion of m/z 583 is identical to that shown in Fig. 2d , indicating the presence of Δ Fig. 3c . The number of isomeric structures increases as TAG species consists of two unsaturated fatty acid substituents (Table 1) . For example, the MS 2 spectrum of the ion of m/z 921.9 (Fig. 4a) (Fig. 4b) 
The MS 3 spectra of the ions of m/z 583, and of 555 (not shown) are identical to those seen in Fig. 2b and 3b, leading (Table S2 , Electronic Supplementary Material) and the corresponding [M+Li] + (Table 2) The confirmation of 18:1-and 16:0-FA at sn-1 and sn-2, respectively, is further supported by the MS 3 spectrum of the ion of m/z 583 (1326→583; data not shown), which is identical to the MS 3 spectrum arising from 18:1/16:0/24:0-TAG (951→583) (Fig. 2b) . The results also readily located the double bond of the 18:1-FA substituent at C-9. The combined structural information indicates the presence of the major Δ 9 18:1/16:0/m51:2-TAG structure. In Fig. 5b , minor ions at m/z 761 arising from loss of 18:0-FA as α,β-unsaturated fatty acid (loss as 18:1-FA) together with the ion at m/z 721 representing a lithiated m49:2-FA cation were also observed, indicating the presence of Δ 9 18:1/18:0/m49:2-TAG isomer. This structural assignment is further supported by the observation of the minor ions at m/z 1042 and 1036 arising from losses of 18:0-FA as acid and as lithium salt, respectively, and of the ion of m/z 611 arising from loss of m49:2-FA moiety seen in Fig. 5a .
The ions at m/z 1098 arising from loss of 14:0-FA substituent, and at m/z 555 arising from loss of 53:2-FA substituent were also observed in Fig. 5a , indicating that a minor 18:1/14:0/m53:2-TAG isomer is also present. This structural assignment is also in agreement with the observation of the ions at m/z 777, representing a lithiated m53:2-FA; and at m/z 817, arising from loss of 14:0-FA as α,β-unsaturated fatty acid (loss as 14:1-FA), and supporting the presence of 14:0-FA substituent at sn-2 (Fig. 5b) . Further dissociation of the ion at m/z 1070 (1326→1070; Fig. 5c ) gave rise to ions at m/z 789 and 329 arising from losses of 18:1-(loss as 18:2-FA) and 51:2-fatty acids (loss as 51:3-FA) as α,β-unsaturated fatty acids respectively, together with ions at m/z 805 and 345 arising from losses of the 18:1-and m51:2-FA as ketenes, respectively. These results located the 18:1-and m51:2-fatty acid at sn-1 and sn-3 (or vise verse), respectively. The structural information combined with the prominent ion seen at m/z 749, representing a lithiated m51:2-FA, gave the assignment of the major 18:1/16:0/m51:2-TAG isomer, consistent with the structure assignment as described earlier. The spectrum (Fig. 5c ) also contained the minor ions at m/z 817 (loss of α,β-unsaturated 16:2-FA fatty acid), and at m/z 777 (lithiated 53:2-FA), suggesting the presence of 16:1/16:0/m53:2-TAG isomer. The assignment is also consistent with the observation of the ion of 1072 (loss of 16:1-FA) in Fig. 5a . The above structural assignments of the fragment ions were confirmed by high-resolution mass measurements (Table S4, Fig. 2e , consistent with the notion that the 18:1-and 16:0-FA substituents are located at sn-1 and sn-2 of the glycerol backbone, respectively; while the m51:2-FA moiety is located at sn-3. This gave assignment of the major 18:1/16:0/m51:2-TAG isomer. The spectrum (Fig. 5d ) also contained minor ions at m/z 549 and 1091, arising from losses of m53:2-and 14:0-FA substituent as NH 4 + salt, respectively, indicating the presence of 18:1/14:0/m53:2-TAG minor isomer. This structural assignment is further supported by the MS 3 spectrum of the ion of m/z 549 (1337→549; Fig. 5e ), in which the ions at m/z 265 (18:1-acylium ion) and 247 (265 -H 2 O) are, respectively, more prominent than the ions at m/z 211 (14:0-acylium ion), and 193 (211 -H 2 O), suggesting the presence of 18:1-and 14:0-fatty acid substituents at sn-1 and sn-2, respectively, and an m53:2-FA substituent is located at sn-3. This information led to assignment of 18:1/16:0/m53:2-TAG structure. The spectrum (Fig. 5e ) also contained the ions at m/z 237 (16:1-acylium ion) and 219 (237 -H 2 O), which are respectively more abundant than the ions at m/z 239 (16:0-acylium cation), and 221 (239 -H 2 O), indicating an isomer with 16:1-and 16:0-fatty acyl groups at sn-1 and sn-2, respectively, is also present, and consistent with the assignment of a minor 16:1/16:0/m53:2-TAG isomer, similar to the structural assignment deduced from the [M+Li] + ions as seen earlier. Similarly, the MS 2 spectrum of the [M+Li] + ion of m/z 1340.3 (Fig. 6a) is dominated by the ion of m/z 1058 arising from loss of 18:1-FA substituent, along with ions at m/z 1084, and 583 arising from losses of 16:0-, and m52:2-FA substituents, respectively. The profile of the spectrum is nearly identical to that shown in Fig. 5a , indicating the presence of the 18:1/18:0/m50:2-TAG. The assignments of these minor isomers were also confirmed by the MS 3 spectra of the ions at m/z 1058 (1340→1058; Fig. 6b ), 1084 (1340→1084; Fig. 6c ) and at 583 (data not shown). The profiles of the former spectrum (Fig. 6b) is similar to Fig. 5b , and the MS 3 spectrum of the ion of m/z 1084 is also similar to Fig. 5c , indicating that the ion of m/z 1340 consist of the similar isomeric structures in which the mycolyl FA substituent at sn-3 is one carbon longer than those seen for the ion of m/z 1326. These structures with the common fatty acyl substituents located at sn-1 and sn-2 were observed for the entire lipid family (Table 2) .
Conclusions
The structures of TAG (Table 1) and MMDAG (Table 2) found in the biofilm of M. smegmatis are complex. Interestingly, the predominate isomer in each of the molecular species all contains 1-oleory 2-palmitoyl residue. These results are in agreement with the previous findings by Walker et al. [17] . The presence of the very long fatty acyl chain in MMDAG altered the appearance of the MS 2 spectrum, in which the abundance of the ions at m/z 583 arising from loss of the meromycolic acid residue (Fig. 5a and 6a ) declines significantly as compared to that arising from the loss of fatty acid with shorter chain length (e.g., Fig. 3a) . Nevertheless, Fig. 6 The MS 2 spectrum of the [M+Li] + ion of MMDAG at m/z 1340.3 (a), its MS 3 spectra of the ions at m/z 1058 (1340→1058) (b), and at m/z 1084 (1340→1084) (c) spectra from MS 3 are readily applicable for assignments of the position of the fatty acid substituents on the glycerol backbone, underscoring the utility of LIT MS n in the structural elucidation of complex lipid. Less is clear, however, its utility in the location of the position of the unsaturated bond or side chain along the meromycolic chain, due to the presence of many isomers of the meromycolic acid [8] that are not separable by mass spectrometry. The LIT MS n spectrometric approach as reported here is simple and affords the complex structures of TAGs and MMDAGs in the biofilm of M. smegmatis to be unfold in detail, without employment of the laborious steps that were required using other analytical approaches.
